RNA remodeling proteins, including RNA helicases and chaperones, act to 23 remodel RNA structures and/or protein-RNA interactions, and are required for all 24 processes involving RNAs. Although many viruses encode RNA helicases and 25 chaperones, their in vitro activities and their roles in infected cells largely remain 26 elusive. Noroviruses are a diverse group of positive-stranded RNA viruses in the 27 family Caliciviridae, and constitute a significant and potentially fatal threat to human 28 health. Here we report that protein NS3 encoded by human norovirus has both 29 ATP-dependent RNA helicase activity that unwinds RNA helices and 30 ATP-independent RNA chaperoning activity that can remodel structured RNAs and 31 facilitate strand-annealing. Moreover, NS3 can facilitate viral RNA synthesis in vitro 32 by norovirus polymerase. NS3 may therefore play an important role in norovirus RNA 33 replication. Lastly, we demonstrate that the RNA remodeling activity of NS3 is 34 inhibited by guanidine hydrochloride, an FDA-approved compound and, more 35 importantly, that it reduces the replication of norovirus replicon in cultured human 36 cells. Altogether, these findings are the first to demonstrate the presence of RNA 37 remodeling activities encoded by Caliciviridae, and highlight the functional 38 significance of NS3 in noroviral life cycle. 39 40 on March 23, 2018 by CAMBRIDGE UNIVERSITY LIBRARY http://jvi.asm.org/ Downloaded from 3 IMPORTANCE 41 Noroviruses are a diverse group of positive-stranded RNA viruses, which 42 annually cause hundreds of millions of human infections and over 200,000 deaths 43 worldwide. For RNA viruses, cellular or virus-encoded RNA helicases and/or 44 chaperones have long been considered to play pivotal roles in viral life cycles.
INTRODUCTION
NS3 also has this activity, we expressed recombinant Maltose binding protein 161 (MBP)-fusion NV NS3 using a baculovirus expression system , and then examined 162 the NTPase activity by incubating MBP-NS3 with different NTPs. The hydrolysis of 163 NTP was measured using a sensitive colorimetric assay that determines the total 164 amount of released inorganic phosphate. As found for SHV NS3, our data showed that 165 NV NS3 hydrolyzed all four types of NTPs ( Fig. 2A ). However, although SHV NS3 166 was reported to hydrolyze UTP less well than ATP (33), NV NS3 exhibited similar 167 efficiency in the hydrolysis of these NTPs ( Fig. 2A) . 168 To further characterize the NTPase activity of NV NS3, we assessed the ATPase 169 activity of MBP-NS3 under different of ATP and Mg 2+ concentrations as well as at 170 different pH, as ATP is the major energy source in cells. Our results showed that the 171 amount of hydrolyzed ATP was increased with increasing amounts of ATP ( Fig. 2B) . 172 In addition, our data indicates that the ATPase activity of MBP-NS3 is 173 Mg 2+ -dependent, since its ATP hydrolyzing activity was undetectable in absence of 174 Mg 2+ . Whilst the ATPase activity of MBP-NS3 was found to be optimal at 2 mM 175 Mg 2+ concentration, higher levels of Mg 2+ inhibited the ATPase activity (Fig. 2C ). The 176 optimal pH for MBP-NS3 ATPase activity was found to be ~pH 7.6, but broad activity 177 was maintained between pH 6.8 and pH 8.0 (Fig. 2D ). 178 We also expressed MBP-fusion NV NS3 using E. coli, and examined its NTPase 179 activity. We confirmed that the bacterially expressed MBP-NS3 NV can also hydrolyze 180 ATP and other NTPs and shows similar biochemical properties with the eukaryotically 181 expressed MBP-NS3 NV but unwound the DNA duplexes less effectively ( Fig. 3B ). 206 We further evaluated the RNA helix unwinding activity of MBP-NS3 under 207 different conditions. We observed that the helix unwinding activity of MBP-NS3 can 208 be promoted by the presence of NTP, particularly ATP or GTP ( shown that the mutation of motif A in SHV NS3 almost completely eliminated its 237 ATPase activity (33). Moreover, motif B of SF3 helicases has been reported to 238 chelates Mg 2+ (19) . We wanted to investigate if the conserved SF3 motif A or B is 239 important for the helicase activity associated with norovirus NS3. To this end, we 240 generated the GK168AA and GK168AA-DD212AA mutants of MBP-fusion NS3 241 (MBP-NS3 GK168AA and MBP-NS3 GK168AA-DD212AA ) and expressed the proteins using 242 the baculovirus expression system. In our standard helix unwinding assays we found 243 that both of the GK168AA and GK168AA-DD212AA mutations dramatically reduced 244 the helix unwinding activity of NS3 compared to wild-type ( Fig. 6B ). Moreover, the 245 addition of increasing concentrations of ATP had very little effect on helix unwinding 246 by MBP-NS3 GK168AA (Fig. 6C ). These findings determine that the conserved SF3 247 motifs are critical for the helicase activity of NS3. 13 249 NV NS3 also possesses an NTP-independent RNA chaperoning activity 250 Although we have determined that NV NS3 requires NTP to reach its optimal 251 helix unwinding activity ( Fig. 4B, 5D , and 5E) and that the conserved SF3 motif A is 252 critical for its helicase activity ( Fig. 6 ), we found that a portion of the helical RNA between them is that the former activity requires the participation of NTP, whereas the 261 latter is NTP-independent (20). These observations therefore suggest that NV NS3 262 also contains an NTP-independent RNA chaperoning activity.
263
RNA chaperones are generally thought to destabilize misfolded RNA secondary 264 structures to facilitate the re-formation of more stable RNA structures (15). To further 265 characterize the RNA chaperoning activity of NV NS3, we adapted a canonical assay, 266 which evaluates the helix-destabilizing and annealing acceleration activities of RNA 267 chaperones (38). In this assay, we designed and generated two 42-nt complementary 268 RNA strands, each of which forms a defined stem-loop secondary structure; in 269 addition, one strand is 5'-HEX labeled and the other is unlabeled, as indicated in could be further enhanced with increasing the reaction time ( Fig. 8B and 8C ). On the 300 other hand, the motif A mutation mostly eliminated the promoting effect of MBP-NS3 301 on in vitro RNA synthesis ( Fig. 8D and 8E) . also shown to have different hydrolysis preferences for UTP ( Fig. 2A) and different 316 responses to Mg 2+ concentrations higher than 2 mM (Fig. 2C ).
317
To examine if GuHCl could also inhibit the helix unwinding by NV NS3, the 318 helix unwinding reactions were performed in the presence of NS3 and increasing 319 concentrations of GuHCl. Our results showed that the presence of GuHCl inhibited 320 the helix unwinding by NS3 in a dose-dependent manner ( Fig. 9B and C) . Intriguingly, 321 we examined the effect of GuHCl on the RNA chaperoning activity of NV NS3 using 322 the RNA strand hybridization assay. Our data showed that the addition of GuHCl at 
